The second Gaia Data Release (DR2) contains astrometric and photometric data for more than 1.6 billion objects with mean Gaia G magnitude <20.7, including many Young Stellar Objects (YSOs) in different evolutionary stages. In order to explore the YSO population of the Milky Way, we combined the Gaia DR2 database with WISE and Planck measurements and made an all-sky probabilistic catalogue of YSOs using machine learning techniques, such as Support Vector Machines, Random Forests, or Neural Networks. Our input catalogue contains 103 million objects from the DR2xAllWISE cross-match table. We classified each object into four main classes: YSOs, extragalactic objects, main-sequence stars and evolved stars. At a 90% probability threshold we identified 1 129 295 YSO candidates. To demonstrate the quality and potential of our YSO catalogue, here we present two applications of it. (1) We explore the 3D structure of the Orion A star forming complex and show that the spatial distribution of the YSOs classified by our procedure is in agreement with recent results from the literature. (2) We use our catalogue to classify published Gaia Science Alerts. As Gaia measures the sources at multiple epochs, it can efficiently discover transient events, including sudden brightness changes of YSOs caused by dynamic processes of their circumstellar disk. However, in many cases the physical nature of the published alert sources are not known. A cross-check with our new catalogue shows that about 30% more of the published Gaia alerts can most likely be attributed to YSO activity. The catalogue can be also useful to identify YSOs among future Gaia alerts.
will bring fundamental new results, is star formation. How the Sun -and in general, stars -were born, is identified as one of the top four areas of modern astronomy in the European Astronet Science Vision document 1 . Star formation starts as the gravitational collapse of dense, rotating, magnetic molecular cloud cores. Due to angular momentum conservation, this process is always accompanied by the formation of circumstellar disks (e.g. Shu et al. 1987) , sometimes still embedded in their envelope. Disk-bearing YSOs can be recognized by the infrared excess emission originating from the dusty component of these structures. Another signature of newly born stars with protoplanetary disks is their brightness variations that provide information on the transitions between protostellar evolutionary stages, on the structure of their circumstellar disks, and on the different ways that protostars may affect the initial conditions of planet formation (e.g. Ábrahám et al. 2009; Kóspál et al. 2012) .
A long-standing problem of current star formation theories is the luminosity problem, meaning that the expected cloud core infall rates for Class I YSOs is the order of 10 −6 M yr −1 , that should cause 10-100 times higher luminosity than observed (Kenyon et al. 1990; Enoch et al. 2009; Dunham et al. 2014) . The other problem is that the HertzsprungRussel diagrams (HRD) of pre-main sequence (PMS) star clusters have a wide-scatter about the best-fitting isochrone. A possible single explanation for both these problems is episodic accretion (e.g. Aduard et al. 2014 ). The star normally collects material from the surrounding envelope and disk at a low rate (10 −7 M yr −1 ), and at rare occasions the accretion rate rapidly increases (10 −4 M yr −1 ). If most of the PMS stars show some eruptive behavior then the lowerthan-expected luminosity is explained by the very low accretion rate which is happening for most of the time in this evolutionary phase. On the other hand the scatter would be the result of the more dramatic accretion events, which affects the locations of the stars in the HRD (e.g. Baraffe, Chabrier, & Gallardo 2009) . Lucas et al. (2017) propose that low level variations of the accretion are interpreted as an effect of the stellar magnetosphere, generating multiple, often unstable accretion flows (e.g. Romanova, Kulkarni & Lovelace 2008) . More dramatic, significant eruptive events have been classically divided into two sub-classes (see e.g. Herbig 1989 ): (1) FU Orionis-type variables (FUors) are thought to be the most dramatic examples of episodic accretion. FUors exhibit 5-6 mag optical outbursts attributed to highly enhanced accretion (Hartmann & Kenyon 1996) . During these outbursts, accretion rates from the circumstellar disk onto the star are on the order of 10 −4 M yr −1 , three orders of magnitude higher than in quiescence. The exact physical mechanism of FUor outbursts is debated. Explanations include viscousthermal instabilities in the disk (Bell & Lin 1994) , a combination of gravitational and magnetorotational instabilities (Armitage et al. 2001, MRI) , or accretion of clumps in a gravitationally fragmenting disk (Vorobyov & Basu 2005 , 2006 . Yet another type of theory involves a close stellar or substellar companion that perturbs the disk and triggers the onset of the enhanced accretion (Bonnell & Bastien 1992; Lodato & Clarke 2004; Nayakshin & Lodato 2012) .
(2) As it is described by e.g. Kóspál et al. (2014) , EX Luptype objects (EXors) are a group of low-mass pre-main sequence stars, repetitively showing optical outbursts of ∼1-5 mag. The duration of these eruptive events covers timescales ranging from a few months to a few years. The outburst is usually attributed to enhanced accretion from the inner circumstellar disk (within ∼0.1 AU) to the stellar photosphere, caused by an instability in the disk (Herbig 1977 (Herbig , 2008 . In quiescence, EXors typically accrete at a rate of 10 −10 to 10 −7 M yr −1 , while in outburst, accretion rates are about an order of magnitude higher (Lorenzetti et al. 2012 ). These brief phenomena may significantly contribute to the buildup of the final stellar mass. Moreover, the outbursts have an effect on the circumstellar material, as well, as demonstrated byÁbrahám et al. (2009) . They discovered episodic crystallization of silicate grains in the disk surface due to the increased luminosity and temperature during the 2008 outburst of EX Lup, resulting in material that forms the building blocks of primitive comets.
One way to resolve the above problems is if we become more efficient in identifying the eruptive phenomena of YSOs and we are able to monitor more of them with high temporal resolution, so more observational data for theories would be collected.
Variability in YSOs occurs on timescales spanning a wide range and time-domain observation of the sky is a rapidly developing field of research. Recent surveys, e.g. ASAS (Pojmanski 1997 ) PTF (Law et al. 2009 ), YSO-VAR (Morales-Calderón et al. 2011) , CSI 2264 (Cody et al. 2014) , ASAS-SN (Shappee et al. 2014; Kochanek et al. 2017) provided light curves of millions of sources.
Present and future observations involve at least an order of magnitude more, billions of sources, with hundreds of measured attributes per source. Gaia (Gaia Collaboration 2016) is a currently operational cornerstone mission of the European Space Agency. The mission is not only the most ambitious stellar astrometric project ever, but also the best transient discovery machine today. It collects photometric observations of ∼1.6 billion stars down to an extreme faint limit of 20.7 mag in the G band and obtains low-resolution spectroscopy down to ∼ 19 mag for an average of ∼80 epochs during the nominal five year mission, although the cadence is highly depending on the scanning law (Wyrzykowski et al. 2012 ). In the future, LSST (Iveziĉ et al. 2008 ) will produce 30 terabytes of data in one night and will detect stars brighter than 24.5 magnitude. The cadence of the LSST is planned to be 2-3 days (split between different filters).
Based on the Gaia data, stellar light curves with ∼30 days cadence can be constructed, and analysed for variability. The task of the Gaia Photometric Science Alerts System 2 (operated by the Institute of Astronomy at Cambridge University) is to check all light curves, and search for unpredictable transients which may herald important astrophysical events, like stellar explosions. Currently ∼6 alerts per day are selected from about 10 5 -10 6 candidates, and posted on a dedicated webpage a few days after the detection.
Up to now, more than 7 500 alerts were published, triggering follow-up observations and scientific papers (e.g. Hil-lenbrand et al. 2018) . From this sample several thousands alerts were published as unknown type of object and only ∼120 were proposed to be variable YSOs by the alerts team. The latter number is astonishingly low, because decades of groundbased monitoring observations demonstrated that young stars also frequently exhibit spectacular variations, both brightenings and fadings. Since Gaia is the only allsky transient survey today, a number of events would go unnoticed without the alerts. With a more efficient identification of YSOs among the alerted objects, Gaia could make a strong scientific contribution in the field of star and planet formation, by discovering and publishing otherwise unnoticed YSO brightenings and fadings.
In this paper we aim at identifying YSO candidates based on the second data release of the Gaia mission. Probability based classification of ∼103 million sources into four main object classes (Y -YSO candidates, EG -extragalactic sources, MS -main sequence stars, E -evolved stars) was done using multi-band photometric data. Section 2 describes the catalogues and maps we used in our study, also gives a brief summary of the different classification methods. In Section 3 we describe how effectively the different methods performed in our tests. In Section 4 we apply our YSO candidate selection to a star forming cloud and compare our results to that of a recently published study. We also crossmatch our candidates with the published and unpublished Gaia alerts, analyse their flux asymmetry distribution and find that we can increase the number of YSO related alerts among the studied sample by 50%.
DATA AND METHODS

Catalogues and maps
Gaia DR2
The second release of the Gaia Data (DR2) was made available on 2018 April 25 th , consisting of astrometry and photometry for over 1.6 billion sources brighter than magnitude 20.7 in the G band (Gaia Collaboration 2018). Gaia DR2 is based on observations collected between 2014 July 25 th and 2016 May 23 r d . The main content of the catalogue and the limitations of the DR2 are well explained on the Gaia Cosmos Webpage and in Gaia Collaboration (2018).
For our science case it is important to note that while the DR2 catalogue is essentially complete between G = 12 and G = 17, it has an ill-defined faint magnitude limit, which depends on celestial position. YSOs, especially at the early stages of their evolution, not only emit the majority of their radiation at near-and mid-infrared wavelengths and are fainter in the part of the electromagnetic spectrum visible to Gaia, but being typically associated with dense clouds and accreting envelopes and disks they suffer larger extinctions than main sequence and evolved stars. Based on our training samples (see Section 2.3) we found that 55% of the YSOs detected by the Spitzer Space Telescope (Werner et al. 2004 ) is present in the DR2 and 68% of those are brighter than 17 magnitudes in the G band. Because of the scan law pattern, source density fluctuations also exist, which affect the completeness of crowded regions, like star forming regions. Crowding and blending are important features of star forming regions, and especially at fainter magnitudes (G > 19) the photometric measurements from the blue and red photometers suffer from an insufficiently accurate background estimation and from the lack of specific treatment of blending and contamination from nearby sources.
AllWISE and 2MASS catalogue
WISE is a NASA space telescope that was launched in December 2009. It scanned the whole sky in four near-and mid-infrared passbands: W1, W2, W3 and W4, centered at at 3.4, 4.6, 12, and 23 µm, respectively. The AllWISE Source Catalogue (Cutri et al. 2013 ) was produced by combining the WISE single-exposure images from several survey phases and contains 747 634 026 sources. According to the explanatory supplement the angular resolution is 6 .1, 6 .4, 6 .5, and 12 .0, in bandpasses W1-W4 respectively, with 5σ detection limit estimated to be 0.054, 0.071, 0.73, and 5 mJy.
The WISE telescope (Wright et al. 2010) was not designed for observation of faint and deeply embedded objects, but still provided the most recent all-sky survey in the part of the electromagnetic spectrum, where YSOs usually emit the bulk of their radiation.
The AllWISE catalogue already includes the J, H and K s band photometric data from the 2MASS point-and extended source catalogues (Skrutskie et al. 2006 ).
Planck foreground map
YSOs are located predominantly in regions containing a large amount of dust. The Planck space telescope collected infrared light emitted by the dust particles for the all-sky. In order to decide if a source is associated with a dusty region we extracted dust opacity (τ) value for each source. This value also gives us a clue about the volume of interstellar extinction which has a major impact on the colour of the sources. We used the 353 GHz R2.01 Planck dust opacity map (Planck Collaboration 2016) value at the position of each object. The map is a HealPix image, with NSide=2048 and a pixel resolution of 1.718 .
Initial dataset
As explained in Section 1, the spectral energy distribution (SED) of YSOs with circumstellar disks show an infrared excess. Automated classifiers designed to identify disk bearing YSOs provide optimal performance if we include infrared data. Therefore, in this study we are only interested in those Gaia DR2 objects which have matching detections in the All-WISE catalogue. The cross-match of the AllWISE and DR1 catalogues was done by Marrese et al. (2017) . Their method accounts for the proper motion, different epochs and also e.g. the local surface density of the external catalogue. This exercise was repeated for the DR2 and the cross-matching table was part of the official data release (Marrese et al. 2018 ). For our case we used the AllWISE BestNeighbour table that contained 300 207 917 matches. The table listed the Gaia Source IDs and the AllWISE source IDs for all pairs.
As we are mostly interested in finding YSOs and YSO candidates, we explored only a subset of the Gaia DR2 X AllWISE table. To identify the regions where YSOs are mostly located, we checked the Planck dust opacity map (Section 2.1.3) values at the celestial positions of the known YSOs, collected from the SIMBAD database, the Spitzer archives and the literature (see Section 2.3 for more details). We found that 99% of the known YSOs are located in regions where the dust opacity value is higher than 1.3×10 −5 .
The sources outside these regions, and those lacking data in one or more photometric bands were removed from our list. We also removed those objects where multiple Gaia IDs were associated with one AllWISE object. As a result our initial dataset contained 101 838 724 sources including Gaia optical G magnitudes, J, H, K s magnitudes from 2MASS, AllWISE magnitudes, and the optical depth (τ) from the Planck dust opacity map.
Training sample
Finding YSO candidates among unknown sources is a typical classification problem. We used supervised machine learning techniques to identify YSO candidates. For such algorithms training samples needs to be created. A training sample contains data of objects from known classes. The problem to be solved is to find the best algorithm and those properties (i.e. colours, source extension, environmental parameters) which describe the different classes in the most meaningful way and can separate the classes the most efficiently. The goal is to maximize the number of true positive (e.g. a known YSO is classified as YSO) and minimize the number of false negative classifications (when a YSO is classified as something different).
In our previous works we attempted to identify YSO candidates based on AKARI data combined with WISE photometry (Tóth et al. 2014 ) and on purely AllWISE data . In these attempts our training samples were based on the SIMBAD database. SIMBAD includes astronomical objects from scientific publications. It provides information on the nature of the objects via the main type and other type columns. The main type column includes information on the most specific type of the object (if known), which is the primary object type, while the other type lists the primary and the more generic types, e.g. the AllWISE source J173821.67-293459.5 has a "YSO" main type, but the other type is "Y*O|IR". Still, in many cases the main type is a general object type, like "Galaxy" or "Star".
In this study we searched not only the SIMBAD, but also used ∼80 catalogues from the literature to identify the known YSOs and other object types in order to have the best possible training samples. All the objects were grouped into four object classes: Main-sequence stars (MS); Extragalactic objects (EG); Evolved stars (E); YSOs (Y). These classes were built from the following datasets and catalogues:
• Main-sequence stars (MS):
-Main-sequence stars below 6500 K observed by the Kepler Space Telescope (McQuillan et al. 2014) -Main-sequence stars from the 3rd edition all-sky catalog of Kharchenko (2001) -Main-sequence stars from the Catalogue of stellar UV fluxes (Thompson et al. 1980) • Extragalactic objects (EG): -YSO related Spitzer publications (Appendix C) -Spitzer YSOs and YSO candidates from the project "From Molecular Cores to Planet-Forming Disks" (C2D) (Evans et al. 2003) The objects of the above catalogues were cross-matched with our initial dataset (Section 2.2). In Figure 1 we show the distribution of the angular distance values between the Gaia DR2 positions and that of the Spitzer YSOs and YSO candidates. In 95% of those cases where a counterpart was found within 5 , the matching source was closer than 1 . We also checked the distances between the Gaia DR2 and the AllWISE counterpart of these sources, listed in the Gaia DR2 x AllWISE table and found that 99.7% of the best neighbours are within 1 . Thus, we decided to use a 1 search radius in the procedure, although it is an arbitrary number, but it fits our requirements.
The cross-match resulted in 50 001 EG, 182 656 MS, 63 372 E and 14 302 Y class objects that were used to create the training samples. The G band brightness-τ and the G−W1 vs. W1−W2 colour-colour diagram of all these sources are plotted in Figure D1 and Figure D2 in Appendix D, representing how the different object types are overlapping in the 2D cuts of the multi-dimensional feature space. For each training sample 14 000 objects of each class were selected randomly. We used equal number of elements from each class to avoid a bias caused by the order of magnitude difference between the different classes. The elements were then permuted and 7 000 objects of each class was selected as the actual training sample, while the remaining 7 000 were used to check the goodness of the classification. The permutation and selection was repeated 10 times, allowing us to have a statistically more meaningful classification procedure.
Classifiers
Classification with supervised methods requires three major steps: able for use. In our work we used R (R Core Team 2013) 3 , a free software environment for statistical computing and graphics, commonly used in the astronomical community.
We experimented with several classifier methods in order to evaluate their performance and to select the one which is best for our needs. These methods are the Support Vector Machines (SVM, e.g. Solarz et al. 2017; Krakowski et al. 2016; Kurcz et al. 2016; Marton et al. 2016; Heinis et al. 2016; Kovács & Szapudi 2015; Solarz et al. 2015; Ma lek et al. 2013; Fadely et al. 2012; Beaumont et al. 2011) , the k-Nearest Neighbors (k-NN, e.g. Pashchenko et al. 2018; Lochner et al. 2016; du Buisson et al. 2015) , the Naive Bayes 
Dimension reduction
While all machine learning techniques are capable of handling multi-dimensional datasets, and some of them are capable to assign weights to the features (i.e. the characteristics that define our problem) in order to optimize the classification process and maximize the classification goodness, one should still consider reducing the number of variables. By selecting the relevant features we can shorten the training times, simplify our models, avoid the curse of dimensionality and reduce overfitting of the data. Our initial parameter space contained 39 columns, including the τ value from the Planck dust opacity map, the Gaia G band brightness value, the 2MASS brightness values, the WISE brightness values, and all the possible colours that can be calculated from the Gaia, 2MASS and WISE photometry.
To reduce the dimensionality of our feature space we calculated the Pearson's correlation coefficient between each feature and created a correlation plot (see Figure 2 for the YSOs). From the left to right (and top to bottom) the coefficient value was checked and in cases the correlation was above 0.7 or below −0.7, the longer wavelength feature was removed (as typically the angular resolution and background contamination increases with the wavelength). For example, in the Y class training sample ( Figure 2 ) the correlation coefficient value between the Gaia G mag and the 2MASS J, H and K s magnitudes was 0.88, 0.79 and 0.72, respectively, so all the 2MASS brightness values were removed from the list of features. This procedure was repeated for all the classes. We ended up with the following list of meaningful features for the classes:
Finally, the union of the above features was used in the training sets, resulting in 25 columns instead of the 39 used initially:
Metrics
To interpret the results of the different classifiers one has to define metrics that characterizes them in a uniform way. If the predicted class of an object is the same as the true class, i.e. a known YSO is classified as a YSO, we call it a true positive (TP) classification. If the same known YSO is classified as another type of object, then it is a false negative (FN) classification. If an object of an extragalactic nature is classified as a YSO, it is a false positive (FP) classification.
Completeness is the percentage of known YSOs classified as YSO (N TP /N, where N is the number of all objects in the training set), which in ideal case is 100%. In the best case the purity (N TP /(N TP + N FP )) is also 100%, meaning that all objects from a given object class is classified into their true class, e.g. all known YSOs are classified as YSO, and nothing else is classified as YSO. The contamination is the fraction of false positives among the objects classified as YSO (N FP /(N TP + N FP )), which is 0% if the classification is perfect.
Identification of spurious W3 and W4 AllWISE photometry
The main science goals of the W ISE mission were to study infrared-bright galaxies, to find brown dwarfs, and to study near-Earth asteroids. The method of source identification on W ISE images is described in the online explanatory supplement 4 and in Marsh & Jarrett (2012) . Unfortunately, this method leads to many spurious photometric results in the Galactic plane, which was already investigated in numerous papers (e.g. Koenig & Leisawitz 2014; Marton et al. 2016; Silverberg et al. 2018) . To avoid false classification by the W3 and W4 band photometry we carried out an analysis similar to what we presented in Marton et al. (2016) based on the findings of Koenig & Leisawitz (2014) . Koenig & Leisawitz (2014) found that the spurious and real detections in the W3 and W4 bands can be separated by using the following parameters, provided by the AllWISE catalogue:
• Signal-to-noise ratio (SNR) calculated in the W3 and W4 bands
• The reduced chi-square parameter in the same bands • The w3m, w4m parameters (the number of individual 8.8s exposures on which a profile-fit measurement of the source was possible)
• The w3nm and w4nm parameters (the number of individual 8.8s exposures on which this source was detected with SNR>3) Koenig & Leisawitz (2014) plotted these parameters and defined a set of criteria to decide if the detection can be accepted as real or if it is rejected and labeled as spurious detection. Instead of defining a set of criteria, we used the Random Forest method to classify the sources into the two classes, but we used the same parameters to separate spurious and real detections in the W3 and W4 bands.
The training sample for this exercise was created by visually inspecting the W ISE W3 and W4 images at the positions of known YSOs. We selected 500 cases where the sources were obviously real and 500 where we could not clearly identify a source. 10 examples for both real and fake sources are presented in Figure 3 .
RESULTS
Below we detail the results of our classification methods. In Section 3.1 we describe how the different methods performed on our training samples including long wavelength WISE data. As explained in Section 2.7 the W3 and W4 4 http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/ band WISE photometry cannot be trusted in every case, especially in crowded regions with infrared luminous backgrounds where YSOs are typically located. In Section 3.2 we show how well our identification of the spurious WISE photometry worked. In Section 3.3 we describe our classification results obtained without the W3 and W4 band photometry. Finally, Section 3.4 describe our sample we consider as a reliable YSO candidate catalogue.
3.1 Gaia DR2 x AllWISE source classification including W3 and W4 WISE photometry
The metrics described in Section 2.6 (completeness, purity, and contamination) were calculated for the YSOs with 13 different methods. SVM was used with 5 different kernels: linear, 2 nd and 3 r d order polynomial, radial and sigmoid. Naive Bayes was used with and without kernel estimation, the k-NN method was tried with 3 and 8 nearest neighbours, the Random Forests were used with 500 trees with 5 random variables at each split, 1000 trees with 7 random variables, and 2000 random trees with 10 random variables. Finally, the Neural Networks were also used with its default parameters. We plotted the results of each method in Figure 4 and sorted them according to the purity. The blue bars show the completeness, the green bars show the purity and the red bars stand for the contamination rate. Figure 4 shows that the best classification was achieved by using the Random Forests. In all the three cases (with 500, 1000 and 2000 trees, and 5, 7 and 10 variables tried at each split, respectively) the method performed above 92% completeness for the Y class. The Neural Network also performed above 90%, followed by the 3 rd degree polynomial and the radial basis SVMs, close to 90%.
Not shown in the paper, but we also compared the results achieved with the different methods using the full dataset and after dimension reduction. We found that using a reduced number of features did not improve any classification method significantly, however all of them seem to perform marginally better, except the SVM with sigmoid kernel and the Random Forest with 2000 trees, but the differences between the results is well within the estimated uncertainties.
Our final conclusion was that the best method for our purpose is the Random Forests with 500 trees and 5 random variables tried at each split after dimension reduction.
On Figure D1 and Figure D2 in Appendix D we showed how the four different object types populate the bightness-τ and colour-colour diagrams. Figure D3 and Figure D4 show the same features for the classified sources. It is apparent that the distribution of the dots is very similar in the two cases.
Spurious photometry identification in the W3
and W4 WISE bands
As we described in Section 2.7 the W3 and W4 detections suffer from fake source identifications and spurious point source photometry. In Section 3.1 we found that the Random Forests with 500 trees and 5 random variables gave us the best results, therefore for the spurious source identification was done with this method, as well. We found that in all cases the real sources (visually identified on W3 and W4 images, see Figure 3 ) were classified as real sources, so the completeness achieved in this exercise was 100%. It also means that none of the real sources was classified as fake source. Among all our tests we found only 2 cases when a fake source was classified as real. This means that the contamination rate was as low as 0.02% and the purity of our real source identification was 99.98%. We note that these results were achieved by accepting that a source is classified as real, if the probability of being real (P R ) is higher than 0.5.
After applying our classification scheme to the initial dataset (described in Section 2.2) we found that 9 816 124 sources have P R > 0.5 among the 101 838 724 sources. These are the sources for which we trust the W3 and W4 photometry listed in the AllWISE catalogue.
3.3 Gaia DR2 x AllWISE source classification excluding W3 and W4 WISE photometry
In the previous section (Sect. 3.2) we showed that only 9 816 124 AllWISE sources were classified as real, and the Figure 5 . Distribution of probabilities of being a real source (P R ) among the sources of our initial dataset. 9 816 124 sources were classified as real sources (P R > 0.5), meaning that their W 3 and W 4 photometry can be trusted.
90.4% of the sources have spurious photometry in the longer wavelength WISE bands. Therefore the classification into the four object classes (EG, MS, Y, E) was repeated, but without any columns containing W3 or W4 data in the training sets. Again, we used the Random Forest algorithm with 500 trees and 5 random variables at each split. The completeness was 91.78%±0.28%, the purity was 93.14%±0.22% and the contamination was 6.86%±0.22%. Table 1 details the number of sources classified into each object classes depending on the adopted probability threshold of belonging to the given class. Each number is a sum of two numbers:
YSO candidates
(i) The number of sources belonging to the given object class with PL (classification including longer wavelength W3 and W4 WISE data) above the threshold and P R (probability of having a real W3 and W4 photometry greater than 0.5)
(ii) The number of sources belonging to the given object class with PS (classification excluding longer wavelength W3 and W4 WISE data) above the threshold and P R (probability of having a real W3 and W4 photometry lower than or equal to 0.5)
We found 1 768 628 sources that were classified as potential YSO candidates, meaning that P R > 0.5 and PL Y ≥ 0.9 or P R ≤ 0.5 and PS Y ≥ 0.9. Our results are published in a form of a VizieR table. The table contains the Gaia source IDs, the AllWISE source designations, the Gaia, 2MASS and WISE photometric data. For each source the membership probabilities are also listed in the table. These probability values are the P R values (probability of having a real W3 and W4 photometry), the classification probabilities using 
DISCUSSION
Application of the YSO selection to Orion A
Recently Großschedl et al. (2018) analysed the 3D structure of the archetypal molecular cloud, Orion A based on Gaia DR2 data. Their results show that Orion A is not a straight filamentary cloud as it appears in the sky, but has a cometary-like shape. It has two components, a denser head at ∼400 pc, and a longer tail with fewer young stars reaching out to ∼470 pc. We repeated their analysis but instead of using the YSOs defined in their study, we used our own YSO candidates. We started with sources we classified as YSOs candidates and created a pre-selection of the sample by applying the parallax criteria of Großschedl et al. (2018) to these sources. Moreover, we restricted our analysis to sources located between 300 and 600 pc according to the distance estimate of Bailer-Jones et al. (2018) . As a result we ended up with 1 368 objects, plotted on the Herschel /PACS images of Orion A in Figure 6 . Figure 7 shows the median distance value of the YSO candidates calculated in 0 • .5 bins along the galactic longitude. Our results (green line) show a very good agreement with those of Großschedl et al. (2018) presented with the black line and confirm that the head part of the cloud is located at a distance of ∼380-400 pc while the tail part is reaching out to ∼430-480 pc. We obtained similar results when using all our YSO candidates between 300 and 600 pc distance without the parallax criteria (red line). As a comparison we overplotted those sources classified as mainsequence stars (blue line) and found that their distribution is different than that of the YSOs.
This field was also used to validate the purity of our selection in two ways. First, we looked for counterparts of the Großschedl et al. (2018) catalogue of 682 YSOs in our initial sample, using a 1 search radius. 568 matches were found. 517 of them (90%) were classified as YSO candidate by our method. 263 of them were classified as real (P R > 0.5) with PL Y ≥ 0.9, and 254 not real (P R ≤ 0.5) with PS Y ≥ 0.9. Figure 8 shows the 682 Großschedl et al. (2018) sources and our YSO candidates. The distribution of the two datasets are very similar.
As an additional sanity test of our YSO classification, we cross-matched the 2 668 YSO candidates in this region (these are YSO candidates located between 300 and 600 pc distance selected without applying any criterion based on parallax) with the SIMBAD database, and found 1 701 pairs using 5 search radius. We found that 1 212 (71.3%) sources are either YSOs, YSO candidates, T Tau stars, pre-main sequence stars, or Orion-type variables. Additional 412 sources (24.2%) are stars in clusters, stars in nebulae, emission line stars, flaring stars, infrared sources and objects indicated as variable or irregular variable stars. These can also be interpreted as objects having properties similar to those of potential YSOs. 53 objects (3.1%) are listed simply as "star" and 24 (1.4%) were found to be classified by SIMBAD as some other type of object. Only one of the sources is known to be a BY Dra type object which is a late-type star, and no extragalactic object was found.
YSO candidates among the Gaia Photometric Science Alerts
As Gaia is monitoring the whole sky and collecting data, it detects transients and sudden brightness changes and is able to provide alerts to the astronomical community in almost real-time (Wyrzykowski et al. 2012 ). The alerting system runs on a daily basis at the Institute of Astronomy in Cambridge (part of the Gaia Data Processing and Analysis Consortium, DPAC). The Nominal Scanning Law defines the observing strategy across the sky. It is a pattern optimised for the final astrometric solution (Lindegren et al. 2012) , and ensures that most of the stars will obtain, on average, about 70 measurements at different scanning angles. However, some areas of high stellar density such as the Galactic Bulge will only have about 50 measurements during the entire mission (Wyrzykowski et al. 2012) . The ∼70 brightness values are enough to be sure that Gaia detects numerous very rare events like outbursts of FUor or EXor-type young stars, of which only a handful is known (Aduard et al. 2014) . Identification of potential YSO candidates can help the decision tree of the pipeline to promote a target with possible outbursts and fadings due to the circumstellar disk. Whenever an alert is made for such an object, the data can be made available, allowing for continuous follow-up of the candidate YSO. As of 2019 April 8 th the Gaia Photometric Science Alerts database includes 7 670 objects. 131 of them are known to be of YSO nature.
We used a 1 radius to match the alerts database to our Initial Dataset (Section 2.2). As a result we found 187 matching sources. The reason for finding only 187 objects is described below:
(i) The alerts are dominated by new sources, that were previously unseen and DR2 contains data collected from the Figure 6 . Our YSO candidates (cyan crosses) in Orion A overlaid on a false-color Herschel/PACS image, using galactic frame. 1 368 YSO candidates are selected after applying the parallax criteria of Großschedl et al. (2018) and restricting their distance between 300 and 600 pc. 682 YSOs of Großschedl et al. (2018) are overplotted with red crosses.
first 22 months of the mission. As a result, only 1 959 out of all the alerts have a DR2 counterpart.
(ii) Only 1 012 of them had AllWISE counterparts.
(iii) As explained in Section 2.2 we classified only those sources that are located in dusty environments and the Planck dust opacity value is above 1.3×10 −5 and they fulfill our quality criteria (i.e. have photometric data in all bands and only one Gaia source belongs to a given AllWISE ID), as well. Only 251 sources have met our requirements.
84 of the 251 matching sources were classified as YSO candidates with P R > 0.5 and PL Y ≥ 0.9, or P R ≤ 0.5 and PS Y ≥ 0.9. In Table 2 we listed their main properties. In case the nature of the alerted object is known, it is listed on the Alerts Index webpage. From the 84 object we classified as YSO candidates 44 were already known to be confirmed YSOs or YSO candidates. The other 40 sources had unknown object classes. This means that none of the alerts we classified as YSO candidates were known to be any different kind of object, e.g. Mira, cataclysmic variable, supernova, etc. Großschedl et al. (2018) is plotted with black. Our YSO sample with the parallax criteria of Großschedl et al. (2018) applied is shown with green. The red line present the median distance value of all of our 2 668 YSO candidates in the region (without parallax criteria, but located between 300 and 600 pc). The blue line presents the distance distribution of the 669 sources classified as main-sequence stars (MS). They are distributed in a more homogeneous way as a function of distance, therefore the error bars are larger than for the YSOs. (2018) catalogue (blue opaque dots) and the surface density of our sources classified as YSO candidates (red colour coding) on the 2MASS J-W I SE W 1 vs. W I SE W 1−W 2 colour-colour diagram. The surface density was calculated in bin size of 0.1 in both directions. Table 2 : Gaia Science Alerts classified as YSO candidates with PL Y ≥ 0.9 and P R > 0.5 or with PS Y ≥ 0.9 and P R ≤ 0.5 according to our method. The columns are as follows: 1. Alert name as issued by the Alerts Index webpage, 2. Date and time of the alerting observation, 3.-4. RA and Dec, 5. object class based on literature, 6. probability of being a YSO according to our classification when WISE W3 and W4 photometry is included, 7. probability of being a YSO according to our classification when WISE W3 and W4 photometry is not used in the classification, 8. the probability of the WISE WISE W3 and W4 photometry being real, 9. Gaia DR2 source ID We also studied those 129 alerts that were already known to be YSOs, and checked how our classification performed in those cases. Previously we accepted a source as a YSO candidate if P R > 0.5 and PL Y ≥ 0.9, or P R ≤ 0.5 and PS Y ≥ 0.9. Among these objects we found 15 that were not accepted as YSO candidates. We listed them in Table 3 . Among these 15 cases we found only four cases where PL Y < 0.5 and also PS Y < 0.5:
• Gaia18ale (PL Y =0.25, PS Y =0.15) is also a red Galactic plane source that was classified as YSO in Marton et al. (2016) • Gaia16aez (PL Y =0.24, PS Y =0.24) is a source known to the SIMBAD database as a YSO and was first listed as a young star by Herbig & Dahm (2002) • Gaia19agd (PL Y =0.14, PS Y =0.09) is identified in the ASAS-SN system as an AGN or YSO, but is listed in multiple extragalactic catalogues in the VizieR database (e.g. Liai et al. 2019 ).
• Gaia18adm (PL Y =0.06, PS Y =0.09) is listed on the Alerts Index webpage as a possible YSO, but is classified as a possible AGN by Edelson & Malkan (2012) .
We also checked the database of the unpublished Gaia alerts for sources we classified as YSO candidates. The database includes 6 802 636 sources as of 2019 April 9 th . Using a 1 matching radius 6 450 matching sources were found. This large number suggests that likely many more YSOs show brightness variations and shows the potential of the analysis of Gaia light curves once they become public.
SUMMARY
In this paper we presented a classification of those sources in the Gaia DR2 catalogue that have a counterpart in the All-WISE catalogue. Robust samples of known main-sequence stars, evolved stars, extragalactic objects and YSOs were built to create clean dataset including Gaia, 2MASS and WISE photometry. We used these datasets as training samples for several machine learning algorithms and tested them to find the method best working for our purposes.
We found that Random Forests with 500 trees and 5 random variables tried at each split gives the best results. For all 101 838 724 sources of our initial sample the classification was done, first by including longer-wavelength W3 and W4 WISE photometric data, then by excluding them. Latter classification was necessary, because the W3 and W4 photometric data are unreliable in many cases in crowded regions, where YSOs are typically found. In order to decide if the W3 and W4 photometric data is reliable, we visually inspected W3 and W4 images of YSOs, created a Random Forest classifier and for all sources we calculated the probability of having reliable detections in those bands.
All our results, including the classification probabilities, source IDs and photometric data are publicly available through the VizieR service.
Our careful validation process showed that we are able to recover ∼92% of the known YSOs and the fraction of sources false positively classified as YSO candidates is around 6%. Our method was successfully tested in a realistic scenario, the Orion A star forming region. The results are in excellent agreement with that of Großschedl et al. (2018) , confirming the 3D structure of Orion A.
We also used our classification to identify previously unknown YSO candidates in the Gaia Photometric Science Alerts System and were able to add 40 more to the list of 130 YSO alerts, significantly increasing their number. A more detailed analysis of YSO light curves based on this classification and YSO identification will be helpful to improve our understanding of YSO variability, disk evolution and planet formation theories and models. Also, the alerting algorithms can benefit: the AlertPipe of Gaia and future telescopes can be more sensitive to YSO events triggering more alerts for the detailed follow-up observations.
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APPENDIX D: BRIGHTNESS -τ AND COLOUR -COLOUR DIAGRAMS
This paper has been typeset from a T E X/L A T E X file prepared by the author. Figure D2 . The colors represent the same type of objects as in Figure D1 on the G − W 1 vs. W 1 − W 2 colour-colour plane. Along the G − W 1 axis the evolved stars are located from 1 to 10. Along the W 1 − W 2 axis most of the sources are located around 0, but a smaller cloud of point is visible around 0.5 ranging from 6 to 10 in the G − W 1 colour. These sources are mostly dominated by Mira type variables, while the others are mostly AGB, RGB and RR Lyr type objects. The main sequence stars have G − W 1 colours spreading from -0.5 to 4, but their W 1 −W 2 colours are very close to 0. In case of the extragalactic sources one can see a bimodial behavior, as well. The objects having W 1 − W 2 colours close to 0 are mostly AGN and QSO type sources, while those with W 1−W 2 colours around one are simply indicated in SIMBAD as "Galaxy". The YSOs are mostly redder in both directions, although a bimodial distribution is present for them, too. One cluster of the sources has lower G − W 1 color index and their W 1 − W 2 colour is close to 0, highly overlapping with the main sequence stars. Another cloud of YSO dots is visible at higher G − W 1 colours and they have a higher W 1 − W 2 colour, as well, overlapping with the evolved stars and the extragalactic sources. Figure D3 . Position of the unknown sources in the same G brightness-τ diagram as in Figure D1 after we classified them into the 4 object classes. Only those objects are plotted which were classified into the corresponding classis with P ≥ 0.9. The position of the sources is very similar to those in Figure D1 . Figure D4 . Position of the unknown sources in the same G −W 1 vs. W 1−W 2 colour-colour diagrams as in Figure D2 after we classified them into the 4 object classes. As in Figure D3 , only those objects are plotted which were classified into the corresponding classis with P ≥ 0.9. The position of the sources is very similar to those in Figure D2 , and the same substructures can be identified on the diagrams.
